Gravitational deflection of light and helicity asymmetry  by Guadagnini, E.
Physics Letters B 548 (2002) 19–23
www.elsevier.com/locate/npe
Gravitational deflection of light and helicity asymmetry
E. Guadagnini
Dipartimento di Fisica Enrico Fermi dell’Università di Pisa and INFN Sezione di Pisa, Via F. Buonarroti 2, 56100 Pisa, Italy
Received 4 July 2002; accepted 7 October 2002
Editor: L. Alvarez-Gaumé
Abstract
The helicity modification of light polarization which is induced by the gravitational deflection from a classical heavy rotating
body, like a star or a planet, is considered. The expression of the helicity asymmetry is derived; this asymmetry signals the
gravitationally induced spin transfer from the rotating body to the scattered photons.
1. The asymmetry
Gyroscopic effects in gravity, like the Lense–Thir-
ring [1] and the Skrotskii effect [2] have been the sub-
ject of considerable research [3,4]. In this Letter I shall
consider a related issue; namely, the helicity modifica-
tion of the light polarization which is induced by the
gravitational deflection from a classical heavy rotating
source, like a star or a planet. The transition amplitude
of the gravitational scattering for the different polar-
ization states of the photons will be computed. It turns
out that, because of the nonvanishing angular momen-
tum of the classical source, the transition probabilities
which are associated with the two helicity states of the
deflected photons may differ. As a result, even if the
incoming radiation is not polarized, the deflected pho-
tons may have a nontrivial elliptic polarization corre-
sponding to a nonvanishing total intrinsic spin. In or-
der to illustrate this phenomenon, let us consider, for
instance, the light deflected from the Sun. As shown in
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Fig. 1, suppose that the incoming flux of unpolarized
photons is directed as the angular momentum vector
of the Sun.
Let n+(θ) (n−(θ)) be the number of deflected pho-
tons with helicity +1 (−1) at the scattering angle θ .
Then, the prediction for the helicity asymmetry χ(θ)
is
(1)χ(θ)≡ n+(θ)− n−(θ)
n+(θ)+ n−(θ)  2π
Jθ2
Mcλ
,
where J denotes the magnitude of the angular momen-
tum of the Sun, M represents its mass, and λ is the
wave length of the electromagnetic radiation. By in-
serting the values J  1040 kg m2/s, θ  4 × 10−6,
λ 5× 10−7 m, one finds
(2)χ  0.33%,
Fig. 1. Light deflection.
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which appears to be suitable for an experimental
verification. The derivation of Eq. (1) and a few
comments on its possible applications are in order.
2. The computation
Let us consider effective quantum gravity [5,6],
which provides the natural quantum field theory inter-
pretation of Einstein’s theory of gravitation. Effective
quantum gravity is a phenomenological theory which
can be understood as the gravitational analogue of the
Fermi theory of the beta decay for weak interactions.
The spacetime metric gµν(x) of general relativity is
written as gµν(x) = ηµν + hµν(x), where ηµν repre-
sents the Minkowski metric of flat spacetime; in Carte-
sian coordinates {xµ = (x0, x)}, ηµν takes the stan-
dard diagonal form diag(ηµν) = (+1,−1,−1,−1).
The effective quantum field theory description of grav-
ity is based on a perturbative expansion in powers of
hµν . In the following computation, the standard con-
ventions h¯= c= 1 will be adopted.
2.1. Gravitational couplings
In the large distance limit and to first order in
v/c, the coupling of the fluctuation field hµν(x) with
a classical heavy rotating body, which is subject to
stationary conditions and is placed in position r , is
given by the action term
S(1) =−12
∫
d4x Θµν(x)hµν(x)
=−1
2
∫
d4x
[
Mh00(x)+ ijkJi∂jh0k(x)
]
(3)× δ3(x − r),
where M denotes the mass of the body and {Ji} are the
components of its total angular momentum. The inter-
action of the metric fluctuation hµν(x) with photons is
described by the energy–momentum coupling
(4)S(2) =−12
∫
d4y T µν(y)hµν(y),
with
T µν(y)= Fµσ (y)Fσ ν(y)
(5)+ 1
4
ηµνFλσ (y)F
λσ (y).
2.2. Gravitational scattering
The gravitational scattering of one photon from a
classical heavy rotating body is quite similar to the
Rutherford scattering of one electron from a fixed
Coulomb potential in electrodynamics. Suppose that,
in the initial state, the photon has momentum p and
polarization α; |in〉 = | p,α〉 = a+( p,α)|0〉, where
a+( p,α) is the creation operator of the photon. Let
k and β be the final momentum and polarization of
the photon. At the tree-level, the amplitude A of this
particular “Newtonian scattering” is given by
A= i
2
4
∫
d4x d4y Θλσ
(x)hλσ (x)hµν(y)
(6)× 〈k,β∣∣T µν(y)∣∣ p,α〉.
By using the Einstein–Hilbert action for the metric
field gµν(x) = ηµν + hµν(x), one can derive the ex-
pression of the graviton propagator which, in Feynman
gauge, takes the form
hµν(x)hτσ (y)
= i(16πG)
∫
d4p
(2π)4
e−ip(x−y)
p2 + i
(7)× (δµτ δνσ + δµσ δντ − ηµνητσ ).
2.3. Transition amplitude
Because of the invariance under time translations,
energy is conserved and then |k| = | p| = p. The mo-
mentum transfer of the diffusion process is described
by the vector (k − p) which has magnitude |k − p| =
2p sin θ/2 where θ denotes the scattering angle. Let εα
and εβ be the polarization vectors of the incoming and
outcoming photon, respectively. The transition ampli-
tude (6) can be written as
(8)A= iGMδ(|k| − | p|)
πp|k − p|2 (B1 +B2),
where
(9)B1 = 12
∣∣k + p∣∣2(ε ∗β · εα)− ( p · ε ∗β )(k · εα),
B2 = ip
M
ijkJi
(k − p)
j
(10)
×
[(k + p)
k
(ε ∗β · εα)− (εα)k( p · ε ∗β )
− (ε∗β)k(k · εα)].
E. Guadagnini / Physics Letters B 548 (2002) 19–23 21
Let us introduce a basis of linear polarizations for the
photons. The scattering plane can be identified with
the xy-plane; more precisely, the components of the
initial and final momenta are taken to be p = (p,0,0)
and k = (p cosθ,p sin θ,0). Thus, one can put
εα(1)= (0,1,0), εα(2)= (0,0,1),
εβ(1)= (− sin θ, cosθ,0), εβ(2)= (0,0,1).
The amplitude can then be written in matrix form with
respect to the polarization states[
(1)α ⊗ (1)β (1)α ⊗ (2)β
(2)α ⊗ (1)β (2)α ⊗ (2)β
]
.
One finds
A= iGMδ(|k| − | p|) cosθ/2
2πp sin2 θ/2
(11)
×
[
cos θ2 − i 2pJ3M sin θ2 −i 2pJ˜M sin2 θ2
i
2pJ˜
M
sin2 θ2 cos
θ
2 − i 2pJ3M sin θ2
]
,
where J3 is the component of the angular momentum
of the source which is orthogonal to the scattering
plane whereas J˜ , given by
(12)J˜ = J1 cosθ/2+ J2 sin θ/2,
is the component of the angular momentum which
belongs to the scattering plane and is orthogonal
to (k − p). Note that the J3-contribution to the
amplitude is proportional to the identity matrix; so, the
component J3 does not modify the polarization state
of the photons.
Now, the Newtonian scattering we wish to analyze
is similar but not equal to the Coulomb scattering of
electrons. In the gravitational deflection of light from
a star or a planet, the typical wavelength of the photon
is very small if compared to the distance of the pho-
ton from the source or the size of the source. In prac-
tice, the wave packet associated with the orbital state
of the photon moves in an “almost constant” gravi-
tational potential. In the limiting case of an “exactly
constant” external potential, the momentum transfer
would vanish. Consequently, in order to extract from
expression (11) the part Arel of the transition ampli-
tude which is relevant for light deflection, one must
consider the (k− p)→ 0 limit. The vector (k− p) has
magnitude |k − p| = 2p sin θ/2; since energy is fixed,
p is fixed and thus the (k− p)→ 0 limit is equivalent
to the θ → 0 limit. The leading term of each matrix el-
ement of the amplitude (11) in the formal θ → 0 limit
gives
Arel = i4GMδ(|
k| − | p|)
2πpθ2
(13)×
[
1 −iJ1pθ2/2M
iJ1pθ
2/2M 1
]
.
It will now be assumed that expression (13) represents
the relevant transition amplitude for the gravitational
deflection of light. The component J1 of angular
momentum which enters equation (13) simply denotes
the component of angular momentum which is parallel
to the incoming momentum p. Thus, one really has
J1 = ( J · p)/| p|.
As a first check, let us consider the differential cross
section; in the θ → 0 limit, Eq. (13) implies
(14)dσ
dΩ
= 16G
2M2
θ4
.
On the other hand, in the semiclassical limit the cross
section takes the form
(15)dσ
dΩ
 b
θ
∣∣∣∣dbdθ
∣∣∣∣,
where b is the impact parameter. By comparing
expressions (14) and (15), one finds
(16)θ  4GM
b
,
which is in agreement with the prediction based on
classical arguments [7].
2.4. Helicity states
Let us now concentrate on photon polarizations.
According to the result (13), if the polarization state of
the incoming photon is described by εα(1)= (0,1,0)
then, in the θ → 0 limit, the polarization vector ε of
the deflected photon is
(17)ε  εβ(1)+ i
( J · pθ2/2M)εβ(2),
which corresponds to elliptic polarization. This phe-
nomenon differs from the Skrotskii effect which only
concerns the rotation angle of the transported electric
field direction. For the outcoming photons, let us in-
troduce the polarization vectors εβ(±) corresponding
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to polarization states with ±1 helicity
(18)εβ(±)= 1√
2
(εβ(1)± iεβ(2)).
Then relation (17) takes the form
ε  1√
2
[
1+ ( J · pθ2/2M)]εβ(+)
(19)+ 1√
2
[
1− ( J · pθ2/2M)]εβ(−).
Assuming ( J · pθ2/2M) 1, the probability w(±) of
detecting a scattered photon with helicity ±1 is
(20)w(±) 1
2
± ( J · pθ2/2M).
Consequently, when the initial polarization is de-
scribed by εα(1), one has
(21)w(+)−w(−) ( J · pθ2/M).
It is easy to verify that, when the initial polarization is
described by εα(2) = (0,0,1), Eq. (21) is still valid.
This concludes the derivation of the helicity asymme-
try expression (1) for the gravitational deflection of
light.
3. Gravitational spin transfer
The helicity asymmetry is originated by a nontriv-
ial angular momentum of the deflecting body. A sim-
ple argument explains the structure of expression (1).
Consider the coupling (3) of the classical source with
the metric fluctuation hµν . With respect to the grav-
itational mass term Mh00, which does not induce
helicity modifications, the angular momentum term
ijkJi∂jh0k has strength J/M times the magnitude
pθ of the momentum transfer which corresponds to
the spatial derivative acting on h0k . In standard h¯ =
c = 1 units, the value p of the momentum of the pho-
ton equals 2π/λ. Consequently, the non-diagonal ma-
trix elements of the transition amplitude must be of
order 2πJθ/Mλ (at least) with respect to the di-
agonal elements. The actual computation shows that
non-diagonal matrix elements contain an extra mul-
tiplicative θ factor. Because of the spatial derivative
acting on h0k , the contribution of the Lagrangian term
ijkJi∂jh0k to the transition amplitude must contain
the imaginary unit i = √−1 with respect to the re-
maining part, and this implies the occurrence of helic-
ity flips during the scattering. Finally, the sign of the
asymmetry is fixed by consistency; in agreement with
the results of the computations, the spin excess of the
deflected photons must be directed as the angular mo-
mentum vector of the source.
The phenomenon associated with Eq. (1) can be
understood as a gravitationally induced spin transfer
from a classical rotating body to the scattered photons.
Even if expression (1) does not contain h¯, it is not ob-
vious how to explain this spin transfer in purely classi-
cal terms. Formula (1) has been obtained by using the
simplest modelling of the gravitational scattering and
can be improved by taking into account the particular
details of real macroscopic bodies. Finally, it is impor-
tant to note that the asymmetry (1) corresponds to the
vacuum optical activity; in practice, ordinary electro-
magnetic effects must also be considered.
In principle, the gravitationally induced spin trans-
fer from a classical rotating body to photons appears
to be one of the simplest tests of the existence of gy-
roscopic effects in gravity. This does not necessarily
mean that the actual experimental verification of this
phenomenon will be an easy task. For example, elec-
tromagnetic contributions to the helicity asymmetry
should be clearly identified. In the context of gravi-
tational lensing, the gravitational helicity asymmetry
could be used to determine the magnitude of the angu-
lar momentum of rotating galaxies.
Aspects of the light propagation in various space-
times have been discussed, for instance, by L. Blan-
chet, S. Kopeikin and G. Schafer, M.P. Haung and
C. Lammerzahl, and Wei-Tou Ni in Ref. [4]; addi-
tional material can be found in [8–11] and referenced
quoted therein. Recently, classical gravitomagnetic ef-
fects have been considered also in [12–14].
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